With the process combination Ozonation-Biofiltration-Membranefiltration (the OBM-process) an average removal of 63% for UV-absorbance (UV 254 ), 79% for color, and 28% for DOC was obtained treating NOM containing surface water. In this paper, focus has been made on the removal of particles after the ozonation and biofiltration treatment steps, using a submerged hollow fiber ultrafiltration membrane reactor. For this purpose the membrane performed adequately. The ultrafiltration step did not have a significant impact on the removal of color, UV 254 , and DOC. However, the SS and the heterotrophic plate count (HPC) was almost completely removed, and the turbidity was reduced by 65% by the membrane filtration, even at very high fluxes. Fouling occurred during operation, and operational factors of both the ozonation/biofiltration and the membrane reactor were important for controlling this. The experiments at pH 6.5 gave a higher permanent fouling than at pH 8.5, which was caused by the different oxidation pathways and consequently by the change in size and hydrophobicity of the by-products. On the other hand, the reversible fouling was less important at low pH. The mechanical cleaning was efficient, however, it seemed that the air scouring participated to the formation of submicron particles which favored the fouling.
Introduction
Natural organic matter (NOM) is a direct problem in drinking water due to color and taste. Indirectly, NOM is a problem because it reacts with the most commonly used disinfectant, chlorine, to form disinfection by-products (DBPs). Use of ozone as the primary disinfectant is increasing but the formation of ozonation by-products is also of concern, particularly due to the increase in bio-growth potential and formation of certain compounds that may be a health concern (Glaze et al., 1989) . The ozonation process will oxidize the NOM content removing color and forming more easily biodegradable organic matter in the water (Carlson and Amy, 1997; Melin and Odegaard, 2000) . The formation of biodegradable organic carbon in drinking water can cause regrowth problems in the distribution network. Biologically active filters can, however, be used to remove the biodegradable fraction from the ozonated water. This is the basis for developing an ozonation/biofiltration process for the removal of NOM in drinking water (Odegaard et al., 1999; Melin and Odegaard, 2000) . The biofiltration step will produce/release sludge, bacteria, and particles which should be removed from the water prior to distribution. This could be achieved by for instance membrane filtration. Consequently, as a part of the EU-project TECHNEAU a novel process combination consisting of the three steps oxidation (ozonation), biodegradation and membrane filtration (the OBM-process) is being developed. In this paper we have investigated the process combination consisting of ozonation, biofiltration, and submerged hollow fiber ultrafiltration unit, where the focus has been made to the membrane filtration step for particles removal, and the potential problems of membrane fouling.
Materials and methods

Experimental set-up
A schematic sketch of the process configuration and pilot plant used for the investigation is shown in Figure 1 . The pilot plant consisted of the following steps; two ozone columns in series, two biofilters in parallel followed by an immersed Zenon ZW10 ultrafiltration membrane reactor module. The ozone was generated by an Ozone Solutions CDO-8000E ozone generator and mixed with raw water in counter-current packed column (Ø15 cm, h ¼ 400 cm). The ozonated water was then distributed to a second similar column (not packed) to finalize the chemical oxidation, to provide a desired CT-value ðconcentration £ timeÞ for pre-disinfection, and to remove residual ozone prior to the biofilters. The two parallel biofilters (each with Ø12 cm, h ¼ 400 cm) were filled with Kaldnes TM K1 carrier (220 cm was filled), offering 500 m 2 /m 3 effective area in filter configuration for the growth of biofilm. The treatment plant was operated with a flow of 90-100 L·h 21 resulting in empty bed contact times of 40-45 minutes for each of the ozone columns and a total of ca 30 minutes for the biofilters with a filter velocity of ca 4.5 m·h 21 . The membrane system used was a Zenon ZW10 membrane pilot module. The hollow fiber membrane module was made with a PVDF ultrafiltration (UF) membrane that has a nominal pore size of 0.04 mm and a surface area of 0.93 m 2 . The membrane system was run with an outside-in configuration, and the module was submerged in a 30 L tank. The system was run at fluxes of 60, 70 and 80 LMH, with backwash every 29.5 minutes which lasted for 30 seconds at a rate of 1.5 times the operating flux. The recovery was 98%.
The feed water was made by mixing tap water and a NOM concentrate. The NOM concentrate used was a regeneration solution from an anion exchanger for NOM removal at a drinking water treatment plant in Kongsvinger, Norway. Prior to the ozone column, the pH of the feed water was adjusted to the desired pH (8.5 or 6.5) by adding HCl 0.6% solution. The feed water had a color of 50 mg Pt/L measured at pH 7 after adding the NOM concentrate. The applied ozone dose was 0.18^0.01 mg O 3 /mg Pt. Samples were taken every day from the different parts of the process numbered from 1 to 6 in Figure 1 . Prior to measurements of color and UV 254 , the samples were adjusted to pH 7 and then filtered through 0.45 mm Millipore membrane filters. The color was measured at 410 nm and UV 254 was measured using Hitachi U-3000 Spectrophotometer. Suspended solids (SS) were analyzed by filtering through a Whatman GF/C 1.2 mm according to Standard Methods for Water and Wastewater (Clesceri et al., 1998) . Particle size distribution (PSD) analysis of the water in the various stages of the membrane process was done using laser diffraction spectroscopy (Beckman Coulter LS230). The concentration of ozone in the in-gas and off-gas was measured with an online BMT 964 Ozone Analyzer. The residual ozone concentration in the water was analyzed by the indigo method (Clesceri et al., 1998) . Turbidity was measured using HACH 2100N Turbidimeter. Alkalinity and pH were analyzed using Metrohm Titroprocessor 726 equipped with sample changer 717 and Dosimat 685. Total organic carbon (TOC) and dissolved organic carbon (DOC) were analyzed using Tekmar Dohrmann Apollo 9000 total organic carbon analyzer. In the case of DOC analysis, the samples were filtered using 0.45 mm Millipore membrane filters prior to analysis. The conductivity was measured using WTW microprocessor conductivity meter LF537.
The performance of the membrane module was determined by measuring the transmembrane pressure (TMP) for constant flux operation (60, 70 and 80 LMH). The development of TMP at different fluxes were measured continuously using an online pressure transducer connected to a data acquisition system. Permeate water flow rates were measured with a flowmeter and its temperature with a temperature transducer, both connected via a control panel and logged continuously.
Results and discussions
Overall process performance Within the OBM-process, the ozonation will oxidize the NOM by two possible main pathways (von Gunten, 2003) : † the direct way, which consists of a direct oxidation of CvC present in the NOM molecules by O 3 ; † the indirect way, that involves the hydroxyl radical known as one of the strongest oxidant. The hydroxyl radical, less selective than O 3 , will react with the CvC but can also lead to hydrogen abstractions of the NOM molecules. The indirect way is generally responsible for a higher DOC removal since it can, after several steps, lead to a total mineralization in contrast to the direct way which ceases when the double bonds are removed (von Gunten, 2003) . The ratio between the direct way and the indirect can be affected by different parameters such as, pH, the ozone concentration, the NOM characteristics, alkalinity, etc (Hoigné, 1998) . Detailed investigations of the rate of formation and biodegradation rates of the ozonation byproducts formed in this type of water has been conducted in other studies (Melin and Odegaard, 2000) . The dominant biodegradable ozonation by-products formed was identified as carboxylic acids, ketoacids and aldehydes. Table 1 shows the average of measured parameters in the water after different steps in the process. The average dissolved organic carbon (DOC) removal was 28.2% from the raw water. The average removals of color and UV 254 were 78.7% and 62.9%, respectively. Turbidity removal was only 65% due to a low level in the raw water. The measured parameters in treated water comply with Norwegian drinking water standard. Obviously the major removal occurs during ozonation with 56.5% for UV 254 , 73.6% for color and 18% for DOC. The biofiltration removes only a fraction of the UV 254 , color and DOC corresponding to the biodegradable fractions coming from the ozonation. The membrane is mainly used to assure particles and pathogens removal, and is largely responsible for the turbidity removal (in addition to the removal of SS and HPC). The HPC measured at different steps in the process (Table 1) shows, as expected, that the ozonation and the membrane filtration effectively remove bacteria.
Membrane performance
The membrane performance was evaluated by monitoring the development of the TMP over time for different fluxes. Increase in TMP (absolute values) with time correlates to a permeability decline rate (i.e. fouling rate) and ultimately determines how long a sustainable operation of the membrane filtration unit can be achieved for a given operating mode (i.e. flux as a function of feed characteristics). When the TMP reaches a set maximum absolute value, membrane fouling is so significant that chemical cleaning is necessary to remove irreversible fouling and recover the performance of the membrane. Figure 2a shows the TMP development measured for three experiments. The membrane unit was operated in the same way for all experiments, including the backwash flux (1.5 times the production flux), operation cycles, air scouring rates, recovery, etc. At the initial stage of an experiment, the membrane was run for about 50-60 hrs at dead end before starting the concentrate pump after which it is run at a 98% recovery. The rate of permeability decline is given by the TMP value measured immediately after a backwash cycle is completed, and represents an overall fouling rate which determines the degree of irreversible fouling as a function of the operating mode.
The DTMP development shown in Figure 2b is obtained by taking the difference of the TMP immediately after backwash and immediately before backwash (the difference between the beginning of a cycle and the end of a cycle). This parameter describes the reversible fouling as a function of the operating mode. Various measurements and analyses were conducted to correlate the membrane performance to the SS properties, turbidity, particulate characteristics and the water compositions. In the water coming from the biofilter the amount of Extracellular Polymeric Substance (EPS) and the corresponding carbohydrate and protein were also measured but can be neglected in comparison to the other organic loads which are mainly by-product from ozonated NOM. The development of the DTMP (Figure 2b) shows an increase of the reversible fouling versus the flux meaning that the reversible fouling as the permanent fouling increases with increasing flux. When comparing the evolution of the suspended solids (Figure 3 ) and the DTMP for the flux 60 (raw water pH 6.5), one has to state that when the SS increases the absolute DTMP increases and when the SS decreases (when the pump for concentrate was started) the opposite happens until a steady state is reached. This clearly demonstrates the direct effect of the SS on the reversible fouling. According to this effect the absolute DTMP increases with an increase in flux since the steady state SS concentration in the membrane tank increases as the flux increases ( Figure 2b and Table 2 ). The same trend is observed when comparing the DTMP to the turbidity.
The mechanical cleaning obtained by the backwash and air scouring seems to be efficient according to the Figure 4 and Table 3 . The suspended solid increases after the backwash which means that the deposit on the surface of the membrane is removed. The removed particles seem to have poor settling characteristics, which affects the efficiency of the removal of the concentrate which has a low SS concentration compared to the SS concentration in the membrane tank immediately after backwash (Table 3) . Different studies from the treatment of wastewater with membranes show that the fouling can be attributed to the SS properties (Defrance et al., 2000; Bae and Tak, 2005) , while others have identified EPS concentrations as a major factor (Wisniewski et al. 2000; Li et al., 2005) , and others have shown that the submicron particles below 0.1mm are a main fouling factor (1) immediately before backwash;
(2) 15 minutes before backwash; and (3) immediately after backwash (Pollice et al., 2005) , while yet others have reported that the colloids and soluble fractions are most often responsible for the fouling effects (Wisniewski et al., 2000; Rosenberger et al., 2006) . As shown on the Figure 4a (%Volume), the air scouring brakes up the aggregates with a size between 100 and 800 mm increasing the peak for particles around 30 mm. The same effect occurs when looking at the submicron particles in Figure 4b (%number), leading to a particles with a size around 0,1 mm. The same trends take place in all the operational cycle ( Figure 5 ) throughout a complete run, and may affects the rate of the fouling since the number of submicron particles increases (Pollice et al., 2005) . This result is in accordance with a previous study made on the treatment of wastewater by a moving-bed-biofilm membrane reactor (Leiknes and Odegaard, 2007) , where submicron particles had a considerable impact on the permanent fouling rate. This indicates that backwashing and air scouring should also be optimized to reduce particle erosion. Poor settling characteristics of the particles in the membrane tank, increases the SS concentration in the tank, and makes particle erosion even more important as a source of submicron particles, which is likely to be responsible for increased permanent fouling.
Conclusions
The process combination Ozonation-Biofiltration-Membranefiltration (the OBM process) was investigated for treating NOM containing surface water. In general the OBM-process performed well with an overall average removal of 63% for UV 254 , 79% for color, and 28% for DOC. In this paper, however, focus has been made on the removal of particles after the ozonation and biofiltration treatment steps, using a submerged hollow fiber ultrafiltration membrane reactor. The ultrafiltration step does not have a significant impact on the removal of color, UV 254 , and DOC. However, SS and HPC is almost completely removed and turbidity is reduced by 65%, even at very high fluxes. Fouling occurred during operation. Operational factors of both the ozonation/biofiltration and the membrane reactor were important for controlling this fouling. The experiments at pH 6.5 gave a higher permanent fouling than at pH 8.5, which was caused by the different oxidation pathways and consequently by the change in size and hydrophobicity of the by-products. On the other hand, the reversible fouling was less important at low pH. The mechanical cleaning was efficient, however, it seemed that the air scouring participated to the formation of submicron particles which favored the fouling, and measures should be taken to reduce this particle erosion. Poor observed particle settling characteristics in the membrane tank enhance the concern about particle erosion as a source for submicron particles and increased fouling.
